Recent observations confirm the rising temperatures of Atlantic waters transported into the Arctic Ocean via the West Spitsbergen Current (WSC). We studied the overall abundance and population structure of the North Atlantic keystone zooplankton copepod Calanus finmarchicus, which is the main prey for pelagic fish and some seabirds, in relation to selected environmental variables in this area between 2001 and 2011, when warming in the Arctic and Subarctic was particularly pronounced. Sampling within a 3-week time window each summer demonstrated that trends in the overall abundance of C. finmarchicus varied between years, with the highest values in "extreme" years, due to high numbers of nauplii and early copepodite stages in colder years (2001, 2004, 2010), and contrary to that, the fifth copepodite stage (C5) peaking in warm years (2006, 2007, 2009). The most influential environmental variable driving C. finmarchicus life cycle was temperature, which promoted an increased C5 abundance when the temperature was above 6°C, indicating earlier spawning and/or accelerated development, and possibly leading to their development to adults later in the summer and spawning for the second time, given adequate food supply. Based on the presented high interannual and spatial variability, we hypothesize that under a warmer climate, C. finmarchicus may annually produce two generations in the southern part of the WSC, what in turn could lead to food web reorganization of important top predators, such as little auks, and induce northward migrations of fish, especially the Norwegian herring.
The West Spitsbergen Current (WSC), the northernmost extension of the currents that transport heat, salt, and organisms from the Atlantic Ocean to the Arctic, is an appropriate area for monitoring the effects of climate change, both in terms of water mass properties and associated biota. In 2006, the highest temperature in the instrumental record of the Atlantic Water (AW) in the WSC was observed in this area (Figure 1 ). Paleoceanographic observations suggest that recent years in this region may have been the warmest in the past 2000 years (Spielhagen et al., 2011) . Calanus finmarchicus (Gunnerus 1770), a boreal planktonic copepod that is widely distributed in the northern North Atlantic (Marshall & Orr, 1972; Planque & Batten, 2000; Tande, 1991) , is also transported by the WSC to the Arctic Ocean (Hirche & Kosobokova, 2007; Jaschnov, 1970; Weydmann et al., 2014) . Together with its congeners, Calanus glacialis and C. hyperboreus, it forms a fundamental component at the base of the Arctic marine food web (Falk-Petersen, Timofeev, Pavlov, & Sargent, 2007) .
Similar to other Calanus species, C. finmarchicus is adapted to feed on the vernal bloom, with diatoms being its main food source during this period, although dinoflagellates or heterotrophic protists are also important in the diet (Meyer-Harms, . The timing of the bloom, which is related to local light conditions, hydrography in the North Atlantic, and ice cover in the Arctic regions, is an important factor that controls the life history of individual species and the species composition of the Calanus complex (Falk-Petersen, Mayzaud, Kattner, & Sargent, 2009; Ringuette et al., 2002) . In the Norwegian Sea, the timing of the bloom may vary interannually by more than 1 month, and the phases of primary production are characterized by different algal groups, with diatoms being most abundant during the bloom, while the postbloom period is characterized by flagellates (Rey, 2004) . The conversion of lowenergy carbohydrates and proteins from ingested phytoplankton into high-energy wax esters and the accumulation of large lipid reserves make C. finmarchicus an important food source for many other species (Falk-Petersen et al., 2009; Lee & Hirota, 1973; Scott, Kwa sniewski, Falk-Petersen, & Sargent, 2000) .
Calanus finmarchicus in its later developmental stages is consumed by commercially exploited pelagic fish, such as the Norwegian spring-spawning herring (Clupea harengus), Atlantic mackerel (Scomber scombrus), and blue whiting (Micromesistius poutassou). Consumption is particularly related to the summer feeding migrations of the predatory fish (Marshall & Orr, 1972; Prokopchuk & Sentyabov, 2006) .
Calanus finmarchicus is of great importance for fisheries, as it is a primary food source for herring. Herring migrate into the Norwegian Sea to locate suitable food, for example, large prespawning specimens (Prokopchuk & Sentyabov, 2006) , in waters rendered reddishcolored by the high abundance of Calanus, which are known among fishermen as "herring tides" (Brodskii, 1950) . Although Arctic planktivorous seabirds, such as little auks (Alle alle), prefer its sibling species C. glacialis, they also prey on later stages of C. finmarchicus (Jakubas et al., 2016; Kidawa et al., 2015; Kjellerup et al., 2015; Vogedes, Eiane, B atnes, & Berge, 2014) . Even piscivorous seabird species, such as the black-legged kittiwake, the common guillemot, and the Atlantic puffin, are dependent on C. finmarchicus availability, which is the main food for their fish prey (Frederiksen, Anker-Nilssen, Beaugrand, & Wanless, 2013) . Other predators of C. finmarchicus are carnivorous zooplankton species, such as amphipods, chaetognaths, cnidarians, and large copepods. Predators also include early stages of its congeners, C. glacialis and C. hyperboreus, which probably feed on C. finmarchicus eggs and nauplii during the vernal bloom, when the latter species spawns (Melle et al., 2014 ).
The C. finmarchicus life cycle, which is adapted to the North Atlantic hydrographical and bloom conditions, consists of six naupliar (N1-N6) followed by five copepodite stages (C1-C5), which molt into the sixth copepodid and develop into adult males (M) and females (F). In the Norwegian and Barents Seas, C. finmarchicus usually has a 1-year life cycle and spawns before or during the phytoplankton vernal bloom, which occurs around May-June and is exploited by the developing copepodids (Madsen, Nielsen, Tervo, & Soderkvist, 2008; Melle et al., 2014; Tande, Hassel, & Slagstad, 1985) . The development from nauplii to the lipid-rich overwintering copepodite stages C4 or C5 occurs over the summer, with the actual timing varying between different regions (Melle et al., 2014) . The overwintering stages then migrate down to deep waters to spend the winter in diapause with reduced metabolic activity (Hirche, 1996; Kaartvedt, 1996; Wilson, Banas, Heath, & Speirs, 2016) . In the late winter, the C5 stage copepodids develop into males and females, mate, and ascend to the surface waters (Sundby, 2000) . The main overwintering regions for C. finmarchicus are considered its population centers, and such places have been identified in the eastern Norwegian Sea and the Norwegian Trench (Heath et al., 2004) .
From these population centers, copepods are transported by the surface currents to surrounding seas, mainly further north via the WSC.
Interestingly, C. finmarchicus has an impressive plasticity over its biogeographic range. The species differs both in the duration and timing of arrival of successive developmental stages, reaching up to a 3.5-month difference in the timing of the occurrence of the first generation between the eastern North Atlantic, where the recruitment usually occurs during the phytoplankton bloom, and the western areas, where it often occurs after the bloom (Melle et al., 2014) .
Development rates are reduced in the regions influenced by Arctic outflow, leading to a multiannual life cycle or an inability to reach stages that can survive winter during the first season (Melle & Skjoldal, 1998) . Conversely, in the southern parts of its distribution range, such as the North Sea, the southern Norwegian Sea, or the Georges Bank, C. finmarchicus can produce two, or even three, generations per year (Arashkevich, Tande, Pasternak, & Ellertsen, 2004; Conover, 1988; Irigoien, 2000; Pedersen, Tande, & Slagstad, 2001; Wiborg, 1954) . In this case, late copepodite stages C4 and C5 of the firstgeneration G 1 develop into males and females and mate to produce the second-generation G 2 . However, the number of generations may vary among years at the same location, depending on the intensity and timing of the phytoplankton pulses (Irigoien, 2000) . In addition, models further suggest reduced diapause duration with increasing temperature. However, there is also a regional difference, with maximum changes of 30%-40%, or 100 days, predicted in the western North Atlantic (Wilson et al., 2016) .
Studies on the influence of climate change on C. finmarchicus predict increasing abundance at the northern edge of its distribution range, mostly attributed to temperature increases (Reygondeau & Beaugrand, 2011; Weydmann et al., 2014) . Temperature affects the growth of marine copepods through the regulation of development time and final weight (Huntley & Lopez, 1992) . Faster development, growth, and molting rates at higher temperatures have been reported from experimental studies of Calanus species (Campbell, Wagner, Teegarden, Boudreau, & Durbin, 2001; Corkett, McLaren, & Sevigny, 1986; McLaren, Corkett, & Zillioux, 1969; Weydmann, Zwolicki, Mu s, & Kwa sniewski, 2015) . Therefore, one can expect that the predicted temperature rise will promote the development of C. finmarchicus and subsequently the structure and functional pathways of the North Atlantic and Subarctic marine ecosystems. Changes can be expected in the diet and migrations of fish such as the Norwegian herring, Atlantic mackerel, and blue whiting (Varpe et al., 2005) and the breeding success of common planktivorous seabird species (Jakubas et al., 2016; Kidawa et al., 2015; Kjellerup et al., 2015; Vogedes et al., 2014) , as these species prefer to prey on specific C. finmarchicus developmental stages at certain times.
The objective of this study was to investigate trends in the abundance of C. finmarchicus and changes in population structure, in relation to environmental variables in the West Spitsbergen Current, based on more than a decade of zooplankton monitoring. We hypothesize that the observed seawater temperature increase will accelerate population development, leading to pronounced differences in the population structure between the warmest and coldest years.
| MATERIALS AND METHODS

| West Spitsbergen Current
There are two branches of the WSC: eastern and western, with distribution patterns mostly driven by the bottom topography (Figure 2a) . The eastern branch flows over the slope of the Barents Sea and the western Spitsbergen shelf-break, while the western branch continues over the underwater ridges along the border between the Norwegian and Greenland Seas. The branches converge at central Spitsbergen (78°N) and diverge again further north (Walczowski & Piechura, 2007) . The two branches differ in physical water properties with the eastern branch being warmer and more saline than the western. These differences result from their different origins, the eastern branch is a continuation of the along-shelf Norwegian-Atlantic Slope Current (Skagseth, Orvik, & Furevik, 2004) , and the western branch is a prolongation of the Norwegian-Atlantic Current (Orvik & Niiler, 2002) . Consequently, the zooplankton taxonomic composition and key species population structure are also different for the two branches (Weydmann et al., 2014) . There is also a latitudal gradient in the WSC, generally, in the southern part of the study area the AW is warmer and more saline, with a mean temperature and salinity of 5.5°C and 35.1, respectively, compared with 2. 5°C and 35.01 in the north (Figure 1 ; Walczowski, Piechura, Goszczko, & Wieczorek, 2012 stage, was enumerated following the procedure described in Postel, Fock, and Hagen (2000) . Samples were sorted at low magnification to remove debris and larger taxa. The remaining zooplankton were subsampled using a large volume (2 ml) automatic pipette and five or more subsamples were drawn to examine a total of no <500 individuals. Each subsample was examined thoroughly for species taxonomic composition, and C. finmarchicus individuals were identified to the species level based on the prosome length (Hirche, Hagen, Mumm, & Richter, 1994; Weydmann & Kwa sniewski, 2008) as well as characteristic morphological features (Brodskii, Vyshkvartseva, Kos, & Markhatseva, 1983) . All representatives of the species in each subsample were identified as nauplii (N), copepodids (C1-C5) or adults (males M, females F). Nauplii were not identified to the species, but based on the mesh size of the filtering gauze, the sampling depth, and the timing, it was assumed that the majority of nauplii were C. finmarchicus, the predominant large copepod in the study region (Carstensen, Weydmann, Olszewska, & Kwa sniewski, 2012; Smith, 1988; Weydmann et al., 2014) .
| Data analysis
In this study, the AW was defined as water warmer than 0°C and more saline than 34.92 . Only zooplankton samples collected from stations where AW was present were used in the analyses described below. To visualize the distribution of the AW among years in the study area, the temperature measured at 100 m depth (considered the depth of the upper part of the core of AW; Walczowski et al., 2012) at the monitoring stations was spatially interpolated using Ordinary Kriging and further smoothed with a linear convolution low-pass filter. The differences between the northern and southern part of the study area were investigated by subdividing the area into two parts at 74°N.
The analyses of the C. finmarchicus population structure were focused on the upper epipelagic zone, because in the study area, the majority of C. finmarchicus concentrate in the upper part of the water column in the summer (Smith, 1988) The relationships between the life stages and environmental variables were analyzed using two different approaches.
First, the C. finmarchicus life-stage composition was investigated using the linkage tree analysis (LINKTREE) with a series of similarity profile (SIMPROF) tests applied in PRIMER 7 (Clarke, Somerfield, & Gorley, 2008) . This method is a form of divisive clustering of samples, constrained by inequalities on one or more abiotic variables (in this case: temperature, salinity, chlorophyll a concentrations, and latitude). Thus, the samples of C. finmarchicus (n = 132) with character- EB (2006 EB ( , 2007 . In 2008, the two most observed stages were nauplii (transects EB, S, and K) and females (more than 50% at H and N, up to 84% at transect O; Figure 2i ).
The mean proportions of copepodite developmental stages illustrated for the northern and southern parts of the study area (Figure 3a) confirm the trends described above. Population in the southern part was generally more advanced than in the north, with prevailing later copepodite stages. The predominance of C5, which accounted for more than 50% of all copepodids, was remarkable for The striking differences in the C. finmarchicus population structure were also reflected in the partitioning of samples by LINKTREE (Figure 4 , Table S1 ). The first, and thus the most important, split (A) in the divisive clustering was between the southern stations along transects H and K (with one station on S in 2006) and the remaining samples.
The samples in the first subdivision (group I) all had temperatures over 6.99°C and were characterized by the highest proportion of C5, which is presented in Table S1 . The next division (split B) separated samples with temperatures higher than 6.44°C (group II), in which the presence of C5 was still significant, but nauplii were more numerous and contributed to 45% of the total C. finmarchicus abundance. Split C was based on salinity, where samples with salinity <35.1, mainly from the northern parts of the study area, were further divided into two groups (split D). Both groups (VI and VII) were characterized by important contributions of young copepodids C1-C3 and dominance of nauplii.
The remaining samples from split C with salinities >35.1 were divided
by split E into a group with temperatures >6.05°C (group III). This group mainly included samples from transects H, K, and O, in which the youngest copepodite stage (C1) was second in importance to nauplii. The last significant division (split F) separated stations with temperatures <6.03°C into groups located north of 76°30 0 N (transects S and N; group IV) and south (transects H, K, and O; group V). The main difference between the last two groups was the dominance of females in group IV and nauplii in group V (Table S1 ).
The RDA model (p = .001) with three groups of predictors explained 27.7% of the total variation in developmental stages composition partitioned into years (36% of explained variation), environmental variables (15.9%), characteristics of sampling stations (14.1%), and interactions between these groups of predictors ( Figure 5a , Table 1 ). Out of the variables tested by forward selection, the following were statistically significant and thus included in the model: salinity, temperature, sampling layer thickness (group a), latitude, longitude, water depth (group b), and year (group c, Table 1 ). According to the RDA ordination plot (Figure 5b ), the numbers of C5 and males were positively correlated with temperature, which was especially 
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Interestingly, females and nauplii were independent of temperature.
The ordination plot also shows the geographical distribution of C. finmarchicus developmental stages and water mass properties, with lower temperatures and earlier copepodids toward the north, later stages and higher temperatures toward the south, and deeper stations toward the west.
| DISCUSSION
In the presented time series from the West Spitsbergen Current, temperature was the most important environmental variable shaping both C. finmarchicus population structure and overall abundance. Hence, the most visible differences were especially noted between the F I G U R E 4 Linkage tree analysis (LINKTREE) showing binary partitioning of samples (groups I-VII) obtained by the six splits (A-F) with corresponding thresholds of temperature (T), salinity (S), and latitude. The plots illustrate Calanus finmarchicus population structure in the distinguished groups for the log-transformed data (see Table S1 for the actual data)
warmest (2006, 2007, 2009) and coldest (2001, 2004, 2010) years.
The most characteristic feature of warm years was the increased abundance and proportion of the fifth copepodite stage, C5, likely indicating earlier spawning and/or accelerated population development.
Based on above data and the life cycle of C. finmarchicus, producing several generations per year in the southern parts of its distribution range (Arashkevich et al., 2004; Conover, 1988) , we believe that the population structure in the southern WSC in early summer of 2003, 2006, 2007 and 2009 is typical for the advanced first generation (G 1 ).
There are two possible options of what may happen afterwards to the late stages C4 and C5: they will either migrate down to deep waters to overwinter (Hirche, 1996; Kaartvedt, 1996; Wilson et al., 2016) ; or they will develop into males and females and mate to produce the second-generation G 2 (Arashkevich et al., 2004; Conover, 1988) .
Such predominance of C5 of the first-generation G 1 in early summer in the WSC (Figure 3a) is similar to the one observed off the northern Norwegian coast in end of June/beginning of July, following the mass appearance of early copepodids of the second-generation G 2 just a month later (Arashkevich et al., 2004) . Given the fact that C. finmarchicus develops from eggs to overwintering stages C4 and C5 within 6-10 weeks in favorable years (Arashkevich et al., 2004; Falk-Petersen et al., 2009) , it is highly possible that the C5 copepodids, observed in high numbers during the warm years in June-July in the southern area of the WSC, would complete development to females and males later in the summer and successfully spawn for the second time, given adequate food supply from the prolonged or secondary vernal bloom (Wassmann & Reigstad, 2011 overwintering C4 or C5 before the end of the growth season and thus might belong to a "lost" generation. Two generations per year of C. finmarchicus have already been reported in the North Sea and even in the southern Norwegian Sea (Arashkevich et al., 2004; Conover, 1988; Prokopchuk & Sentyabov, 2006; Wiborg, 1954) , so under warmer climate conditions, it might also take place in the southern area of the WSC.
The relationships of above developmental stages to temperature are consistent with the statistical analyses performed. RDA, with temperature values plotted based on the GAM (Figure 5b ), indicated increasing C5 abundance with increasing temperature, which is likely to be an indication of earlier spawning and/or faster development.
Remarkably, C5 was also the most important developmental stage in the first and most important LINKTREE split (Figure 4) , which was connected to temperatures over 6°C and separated the samples from the southernmost transects, with further divisions occurring in more northern transects. Based on the presented high interannual and spatial variability, if C. finmarchicus were to produce two generations in the WSC, that this will probably not occur every year or across the whole study area, but it may occur in the southern part during warmer years.
Overall trends in the numbers of C. finmarchicus varied between years with the highest values in "extreme" years, due to high numbers of nauplii and early copepodite stages C1-C2 in cold years, especially in the northern part of WSC, and contrary to that, C5 peaking in warm years in the south. Nauplii and early copepodids were more abundant in colder years (2001, 2004, 2010) , which could be connected to later, and hence more recent, spawning and/or slower development. At the same time, it is worth noting that females were independent of temperature and dominated in "average" years, while males were the least abundant of all stages. Obviously, warmer years are also characterized by more intensified penetration of Atlantic waters into the Arctic. At the same time, water properties also change along the WSC northward progression, so the spatial distribution of temperature and salinity characterize the gradual dilution of AW with other water masses.
The inclusion of one station from the north (transect S, 77°30 0 N) in 2006 with the group of southern stations in the first LINKTREE partitioning can be interpreted as the effect of the intrusion of Atlantic waters. These waters likely carried a C. finmarchicus population with more advanced development due to the higher temperatures during that exceptionally warm year. Similarly, the increasing trend in the C5 abundance over 6°C could also be explained by a transport mechanism in the southern part of the study area, as there are more C. finmarchicus in the warmer waters of the northern Norwegian Sea than in the colder waters along the Barents Sea slope.
Another aspect of the spatial distribution of the life stages is the difference between the western (deeper, offshore) and eastern (shallower, slope) parts of the study area. Water depth and bottom topography influence the flow of the two branches of the WSC and the differences in the origins of the water masses influence temperature and salinity (Walczowski & Piechura, 2007) , which in turn may change phytoplankton production, and the combination of these jointly affect C. finmarchicus development.
Above interannual and spatial variability in C. finmarchicus population structure is captured in the RDA, which showed that years alone described 36% of the explained variation in stage composition in the RDA analysis, while 14.1% of the explained variation was related to the geographical position and depth of sampling stations.
Although only 27.7% of the variation was explained by the tested groups of variables in the RDA, which indicated that C. finmarchicus population structure could be influenced by other unaccounted variables, this degree of explanation is comparable to other zooplankton studies (e.g., Gislason, Petursdottir, Astthorsson, Gudmundsson, & Valdimarsson, 2009; Gislason & Silva, 2012; Kwa sniewski et al., 2012) . We suppose that unexplained variation might be connected to high interannual variability in primary production and thus food availability, predation impact and inadequacy of representing zooplankton and environmental conditions within the sampling data.
Surprisingly, the concentration of chlorophyll a derived from satellite data did not significantly affect C. finmarchicus population structure according to the RDA. However, this could result from low spatiotemporal resolution of such data for the study area, and not necessarily the lack of importance of this factor. It is also worth noting that although C. finmarchicus spawning can occur at relatively low food concentrations before the spring bloom (Melle et al., 2014) , egg production increases with higher food concentrations (Hirche, Meyer, & Niehoff, 1997; Niehoff et al., 1999) , so it seems likely that there are links between the initiation of the spring bloom and the onset of spawning, and between the latter and the developmental state of the population at a given seasonal time point (e.g., AREX sampling around the beginning of July). Therefore, this supports the observation that in warmer years, C. finmarchicus population was more developed, consistent with significant trends toward earlier phytoplankton blooms in the warming Arctic (Ji, Jin, & Varpe, 2013) . It is also worth noting that female maturation and egg production rates increase with increasing temperature (Hirche et al., 1997) . Thus, higher temperatures are likely to promote earlier and more intense peaks in copepods spawning activity, even if the timing of the bloom is not very different in warm and cool years.
At the same time, other factors associated with climatic variations, such as changes in primary production (Campbell et al., 2001; Hirche et al., 1997; Melle & Skjoldal, 1998) , shifts in phytoplankton community composition driven by multiple environmental drivers (Barton, Irwin, Finkel, & Stock, 2016) , and the inflow of Atlantic water masses bringing both zooplankton and warmer water from the Norwegian Sea northward (Daase, Vik, Bagoien, Stenseth, & Eiane, 2007; Dalpadado, Ingvaldsen, & Hassel, 2003; Edvardsen, Tande, & Slagstad, 2003) , also influence C. finmarchicus population dynamics.
However, the model scenarios also indicate increased surface stratification and decreased mixing depths, which enhances nutrient limitation, and thus reduces primary production (Steinacher et al., 2010) .
Temperature-induced changes in overall abundance and population structure and possibly two generations of C. finmarchicus in the WSC might promote northward migrations of important fisheries, which prefer specific developmental stages at certain times and potentially could imply a mismatch between copepods and their predators. For example, Atlantic mackerel, blue whiting, and Norwegian herring show prey selectivity for later C. finmarchicus developmental stages during summer feeding migrations into the Norwegian Sea and have already been reported to migrate farther north in warmer years to locate suitable food (Prokopchuk & Sentyabov, 2006 Our results suggest that in warmer years, the later developmental stages of C. finmarchicus will be available in high numbers, at the close foraging grounds, to little auks, which in July-August breed in what decreases the frequency of chick feeding, consequently resulting in lower calorific value of food to the chicks and reduced chick survival (Kidawa et al., 2015) . When searching for Arctic waters, carrying more energetically valuable C. glacialis becomes energetically unprofitable, little auks might be forced to feed on the later stages of C. finmarchicus, which in the future are more likely to occupy the waters around their nesting sites, as was already seen for the warmest 2006, and to compensate, for example, by increasing the number of daily feedings (Jakubas, Wojczulanis-Jakubas, & Walkusz, 2007) .
However, increasing temperature has also been argued to be responsible for the prosome size reductions in Calanus spp. (Kwa sniewski, Hop, Falk-Petersen, & Pedersen, 2003) , so the increased abundance of C. finmarchicus in this region with warming temperature might as well be offset by their smaller size.
In conclusion, in the WSC during warmer years, C. finmarchicus peaks in abundance, spawns earlier, and/or its population development is accelerated. The comparison with seasonal population development in the NE Norwegian Sea (Arashkevich et al., 2004) suggests that this may possibly lead to development to adults later in the summer and spawning for the second time, especially in the southern part of WSC, given adequate food supply. Such changes in the numbers and seasonal timing of available prey types (e.g., certain zooplankton developmental stages) for secondary producers, including seabirds and commercially exploited fish, can have cascading impacts on the ecosystem (Beaugrand, Brander, Lindley, Souissi, & Reid, 2003; Cushing, 1990) . It has already been suggested that predators of the youngest C. finmarchicus stages are most prone to experience a mismatch with their food source in a warmer climate (Kvile, Dalpadado, Orlova, Stenseth, & Stige, 2014) , and our study confirms that this scenario is indeed realistic.
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